Mold growth on citrus fruits during storage is a continuing problem that results in economic loss. Although several fungal species have been reported to be involved in the spoilage of citrus products, Penicillium digitatum (green mold) and Penicillium italicum (blue mold) are the primary organisms involved. Control of postharvest mold spoilage of citrus fruits by the use of benomyl and thiabendazole has been standard procedure in many citrus-producing areas since the early 1970s (4, 12) . However, there have been reports that P. digitatum and P. italicum can develop resistance or tolerance to these fungicides (4, 6, 8) . Harding (4) reported that benzimadazole-resistant isolates of P. digitatum and P. italicum have also been found in orchards and citrus packing-houses in which benzimadazole fungicides had never been used.
In an effort to find a new fungicide to effectively combat these resistant strains, Smoot and McCornack (9) investigated the use of potassium sorbate for citrus decay control. They reported that a 2% aqueous solution of potassium sorbate, applied as a dip, effectively reduced postharvest decay in several citrus products. Although not as effective as benomyl or thiabendazole, Smoot and McCornack (9) found that strains of P. digitatum resistant to these fungicides were sensitive to potassium sorbate. The question has remained, however, whether molds common to citrus products might also develop resistance to sorbic acid and potassium sorbate on prolonged usage.
The purpose of this investigation was to determine the inhibitory effects of sorbic acid and potassium sorbate on P. digitatum and P. italicum and to study the possibility of development of tolerant strains upon repeated exposure to subinhibitory levels of these compounds. (iii) Culture conditions. Spore suspensions were spread on the surfaces of YESA plates and then incubated at 25°C. Colony counts were made after 3 to 5 days of incubation; the plates were then incubated until well sporulated. These spores were used as an inoculum for the next generation.
MATERIALS AND METHODS
(iv) Experimental design. A flow diagram of the transfer scheme is shown in Fig. 1 . Spores were harvested, transferred, and exposed to sorbic acid through 10 concentration on the previous transfer. Thus, the inoculum for each transfer or generation in this series had no prior exposure to sorbic acid. At the A2 level, the spore inoculum was always taken from the spores that were produced from growth occurring at the 0.010% sorbic acid level. At the A3 level, the spore inoculum was taken from the 0.020% sorbic acid level. The scheme was replicated three times, and the results are reported as the mean log counts for each spore inoculum source.
Study II: effects of increasing levels of sorbate on growth and potential tolerance of P. italicum and P. digitatum. (i) Organisms. P. italicum NRRL 1293 was obtained from the Northern Regional Research Center, Peoria, Ill. P. digitatum WSQ1 and P. digitatum BR (benomyl resistant; isolated from a citrus packing plant) were obtained from P. McDonald, (Monsanto). The organisms were maintained on PDA slants at 25°C. Transfers were made by using a wetted inoculating needle and touching it to the surface of the slants or petri dishes to make single-point inoculations in the center of an appropriate petri dish.
(ii) Substrate. PDA containing increasing concentrations of potassium sorbate (Monsanto) was used as the substrate. Sorbate levels were 0.000, 0.005, 0.010, 0.020, 0.040, 0.060, and 0.080%. The sorbate was added aseptically to sterilized PDA in appropriate amounts from a 10% stock solution of sorbate in sterile distilled water, and the pH of the agar was adjusted to 5.5 ± 0.1 with sterile 1 N HCl or 1 N NaOH. This pH was used because it is the pH of citrus peel and is near the pH of the surface of citrus fruit. A new stock solution of sorbate was prepared at the beginning of each transfer period.
(iii) Culture conditions. Single-point inoculations were made from stock slants on the first transfer, and the plates were incubated at 25°C for 15 days. Every 3 days, the minimum and maximum diameter of the colony was measured (in centimeters) with a vernier caliper (6, 11 were maintained on PDA slants at 25°C. Spore suspensions were prepared from 12-day-old well-sporulated slants by adding 10 ml of P04 buffer (10) plus 0.05% Tween 80 to the slant and gently dislodging the spores with a flamed wire loop. The suspension was then filtered through several layers of sterile cheesecloth, and the spores were counted with a Petroff-Hausser Counting chamber and then adjusted to ca. 5.0 x 104 spores per ml.
(ii) Exposure medium. Potato dextrose broth (PDB) (Difco Laboratories, Detroit, Mich.) was used as the exposure medium. The broth was dispensed in amounts of 100 ml in 250-ml Erlenmeyer flasks and sterilized at 121°C for 15 min. Sterile 10% potassium sorbate stock solution was then added to the autoclaved media to give concentrations of 0.05, 0.15, 0.25, 0.5, 0.75, and 1.00% sorbate. Sterile 1 N HCI or 1 N NaOH was used to adjust the final pH of the broth to either 4.7 ± 0.1 or 5.5 ± 0.1.
(iii) Exposure conditions. One milliliter of the stock spore suspension was added to each of the treatment flasks to give ca. 104 spores per ml. At 1-day intervals, 1 ml was aseptically withdrawn from each treatment flask and filtered through a 0.45-,um membrane filter (Gelman Sciences, Inc., Ann Arbor, Mich.) to collect the spores. The membrane was rinsed with two 1-ml samples of sterile distilled water, transferred to a tube containing 10 ml of P04 buffer plus 0.05% Tween 80, and mixed at low speed on a vortex-type mixer for 60 s, and serial dilutions were made. A three-tube most probable number (MPN) technique was used to determine the number of viable CFU (1, 5) . Culture vessels for the MPN were 4-dram vials containing 4 ml of extra-strength PDB adjusted to pH 5.5. (Extra-strength PDB was used so that when 1 ml of spore suspension was added to the vessel, the broth was at normal strength.) Samples (1 ml) of the appropriate dilution were transferred to the MPN vials, agitated briefly, and incubated at 25°C for 14 days, at which time the viable CFU count was determined with a three-tube MPN (iv) Experimental design. The overall scheme was a 7 by 8 factorial design, with seven different treatment levels of sorbate, incorporating two different pH levels, studied for the effects of prolonged exposure to sorbate on spores of two organisms. The spores were left in the presence of sorbate for up to 7 days, and each day samples were taken to determine the number of viable spores. The experiment was replicated twice, and the data are reported as the mean log counts of each sorbate treatment.
RESULTS AND DISCUSSION Study I. When spores of P. digitatum (without prior subculturing on media with or without sorbic acid) were plated on YESA containing sorbic acid, the MIC was found to be between 0.020 and 0.025% (Fig. 3) . When spores of P. digitatum without prior exposure to sorbic acid were plated through 10 subsequent generations, no apparent increase in tolerance to sorbic acid was observed. Likewise, no increase in tolerance was seen when spores exposed to either 0.010 or 0.020% sorbic acid were transferred through the 10-generation scheme.
The hypothesis behind the design of this study was that if samples of a homogenous spore suspension were simultaneously plated on media containing increasing concentrations of sorbic acid, it would be expected that the spore counts would decrease as the sorbate concentration increased. This was as expected when P. digitatum was plated on sorbate-containing media. The resulting curve showed a concentration (0.015% sorbic acid) at which a cut off point was observed, i.e., a point at which the majority of the spores were tolerant to the sorbic acid but were not tolerant at a higher concentration (>0.020% sorbic acid). If spores at the higher concentrations were able to grow as the result of a genetic difference or change, it would be logical to assume that their progeny would also survive the higher concentrations. Thus, after exposure of the molds to subinhibitory levels of sorbate, a repeat of the same experiment utilizing the most resistant spores should yield a cut off concentration somewhat higher than in the first experiment and a concomitant shifting of the curve to the right if a genetic change or selection toward resistance had occurred. However, if those spores were not genetically different, i.e., not more resistant, they would be expected to produce offspring exhibiting the same growth pattern as the majority of spores in the first experiment and yield a cut off concentration similar to that in the first experiment and a similar curve. After 10 generations, the spores from all sources (with and without prior exposure to sorbic acid) yielded mean curves similar to that of the first experiment. This indicated that a genetic difference or change had not occurred and that the mold did not develop increased tolerance to sorbic acid.
Study II. The objective of this study was to determine whether individual molds which started from the same parent stock colony might develop increased tolerance to sorbate upon repeated subculturing at low levels of the inhibitor. The MIC of sorbate was found to be between 0.06 and 0.08% for P. italicum and both strains of P. digitatum. Growth of P. digitatum strains was more strongly inhibited Tables 1 and 2 . After 10 transfers, beginning at the 0.02% level of sorbate, P. italicum was able to grow at the previously inhibitory level of 0.08% sorbate. After 19 transfers, the mold was still able to grow at the 0.08% sorbate level but not at the 0.10% level. The greatest number of transfers was 22, beginning at the 0.00% sorbate level and going through the 0.10% level. The molds that went through the scheme were not able to grow at the 0.10% sorbate level. Thus, after repeated subculturing of P. italicum on low levels of sorbate, this mold developed a slight increase in tolerance to potassium sorbate, since after 10 transfers, starting at 0.02% sorbate, it was able to grow at the previously inhibitory level of 0.08% sorbate.
When the two P. digitatum isolates were taken through the same experimental design, it was found that the two After 19 transfers, beginning at the 0.00% sorbate level, the two strains were able to grow at the 0.06% sorbate level; however, they were not able to grow at any higher levels. Neither strain of P. digitatum developed increased tolerance to sorbate through repeated subculturing in the presence of subinhibitory levels.
Study III. In study II, it was determined that the MIC of sorbate was between 0.06 and 0.08% for P. digitatum and P. italicum. In the third study, an attempt was made to determine whether this range was fungistatic or fungicidal. When P. digitatum was incubated in the presence of 0.1% sorbate in PDB for up to 3 days, there was no decrease in the number of viable CFU. Therefore, it was concluded that the lower concentration of 0.08% was exerting a fungistatic rather than a fungicidal action. To determine the level at which sorbate is fungicidal, higher sorbate levels (0.25, 0.50, 0.75, and 1.00%) were employed.
As the sorbate concentration in the exposure medium increased, the length of exposure time to obtain fungicidal action against P. digitatum increased (Fig. 4) . After 1 day of exposure to sorbate, all levels reduced the number of recoverable CFU. Beyond 1 day, the number of viable CFU rapidly decreased in 0.50, 0.75, and 1.00% sorbate. No viable spores were recovered after 7, 4, 3, and 2 days at the 0.25, 0.50, 0.75, and 1.00% sorbate levels, respectively, when the pH of the exposure medium was 5.5 ( Fig. 4A) . When the pH of the exposure was lowered to 4.7, the maximum amount of sorbate that would go into solution was 0.25%. Therefore, levels of 0.05, 0.15, and 0.25% sorbate 
